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Assessment of left ventricular pressure-volume relations
serially in response to altered loading conditions and
heart rate has been difficult to achieve with contrast
ventriculography. Accordingly, to study changing pres-
sure-volume relations during altered loading and heart
rate, left ventricular pressure and radionuclide absolute
volume curves (obtained using a counts-based method
with attenuation factor corrections) were recorded in 20
patients. Ventricular pressure and radionuclide volume
curves vere digitized and synchronized to end-diastole,
and pressure-volume plots were subsequently con-
structed from 32 pressure-volume coordinates through-
out the cardiac cycle. In all patients, the correlation
between radionuclide absolute volumes and angio-
graphic ventricular volumes was r =0.92. In 10 patients
in whom both radionuclide and angiographic pressure-
volume diagrams were constructed, the agreement be-
tween the two methods was excellent.
The major determinants of the extent of myocardial fiber
shortening and the subsequent stroke volume of the intact
ventricle are preload, afterload and intrinsic myocardial con-
tractility. Routinely used measures of ventricular perfor-
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With this method, end-systolic pressure-volume reo
lations were examined during altered left ventricular
loading conditions, pacing-induced incremental in-
creases in heart rate and pacing-induced ischemia. Using
pharmacologically induced changes in left ventricular
loading conditions, the slope and volume intercept of the
end-systolic pressure- volume line could be calculated as
a means of assessing basal contractility. During pacing-
induced tachycardia, the slope and volume intercept of
the end-systolic pressure-volume line could be calculated
to quantify the Treppe effect and assess negative ino-
tropic changes secondary to ischemia.
This study supports the validity of using serial reo
cordings of left ventricular pressure and radionuclide
volumes to assess left ventricular pressure- volume re-
lations, and indicates that this approach may be useful
in the analysis of end-systolic pressure-VOlume relations
in patients.
mance are limited in their ability to simultaneously assess
loading conditions and changes in contractility (I). Ejection
phase indexes (for example. ejection fraction and circum-
ferential fiber shortening) are very sensitive to loading con-
ditions, and cannot be used to assess changes in contractility
in the intact circulation where preload and afterload are
frequently changing (2,3). Similarly, isovolumetric phase
indexes (for example, the maximal rate of rise in pressure
[dP/dt]), although generally insensitive to loading condi-
tions, have been found to be of little value in assessing basal
levels of contractility or comparing contractility in different
patients (3,4).
Previous techniques for assessing ventricular pres-
sure-volume relations. A more useful technique for as-
sessing ventricular contractile performance that improves
on the inadequacies of isovolumetric and ejection phase
indexes is the left ventricular pressure-volume diagram (5).
Nearly a century ago, Frank (6) constructed the first pres-
sure-volume diagrams by representing the cycle of ventric-
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ular contraction on a graph in which ventricular pressure
was plotted on the ordinate against ventricular volume on
the abscissa. In a typical pressure-volume loop, the height
and width of the loop are determined by the ventricular
systolic pressure and stroke volume, respectively. The area
subtended by the systolic portion of the curve provides a
measure of stroke work performed by the ventricle during
ejection, and the area subtended by the diastolic limb pro-
vides a measure of diastolic work performed in distending
the ventricle during filling. The net external ventricular work
is the difference between the two, or the area within the
loop. As a result, examination of the systolic portion of the
pressure-volume relation has allowed a more precise defi-
nition of ventricular work in its various components, and
analysis of the diastolic pressure-volume relation has per-
mitted attempts at measurement of ventricular compliance.
An important advantage of analyzing mechanical per-
formance with pressure-volume diagrams is that one portion
of the instantaneous loop, the ventricular end-systolic pres-
sure-volume relation, is load-independent and may, there-
fore, serve as an index of left ventricular performance in-
dependent of preload and afterload changes (7-12). However,
a major problem encountered in the study of left ventricular
pressure-volume and end-systolic relations in human sub-
jects has been the technical difficulty associated with the
simultaneous measurement of ventricular pressure and vol-
ume. Techniques used in the past to construct pressure-
volume diagrams have primarily relied on angiographic
(13-17) or echocardiographic (18-21) measures of vol-
umes. Both techniques have been seriously handicapped by
technical difficulties that have made the construction of pres-
sure-volume diagrams difficult and the assessment of end-
systolic relations sometimes impossible (22-24).
More recently, radionuclide ventriculography has been
used both with noninvasive pressure determinations to as-
sess end-systolic pressure-volume relations (25), and with
left ventricular pressure measurements to construct pressure-
volume diagrams (26,27). A recent study (27) using left
ventricular pressure measurements, contrast ventriculog-
raphy and gated blood pool scintigraphy reported the ac-
curate and reproducible construction of pressure-volume
diagrams. That study used angiographically measured vol-
umes to assign absolute volumes to the pressure-volume
diagrams.
Present study. The purpose of the present study was to
assess a method of constructing pressure-volume diagrams,
based on simultaneous left ventricular pressure recordings
and radionuclide ventriculography, that could be used in-
dependently of angiographic volume measurements and be
applied to the measurement of end-systolic pressure-volume
relations. Using this technique, characteristic pressure-vol-
ume changes and end-systolic pressure-volume relations are
described in the setting of altered left ventricular loading
conditions, pacing-induced increments in heart rate and pac-
ing-induced ischemia. As a means of assessing the validity
of radionuclide volume measurements, absolute radio-
nuclide volumes are correlated with angiographic volumes,
and changes in radionuclide volumes are correlated with
changes in thermodilution stroke volumes.
Methods
Study group. Pressure-volume diagrams were con-
structed from data obtained at the time of cardiac catheter-
ization in 30 patients. The group consisted of 21 men and
9 women with a mean age of 55 years. Twenty-seven of
these patients were referred for evaluation of chest pain and
one each for evaluation of aortic stenosis, mitral stenosis
and congestive cardiomyopathy. All patients gave written
consent after being informed of the potential risks involved.
There were no complications as a result of this study.
In the first 20 patients, baseline left ventricular pressure-
volume diagrams were constructed and absolute radio-
nuclide volumes were compared with angiographic vol-
umes. In the remaining 10 patients, sequential pressure-
volume diagrams were constructed to assess the effect of
pharmacologic or pacing intervention, or both.
Cardiac catheterization and coronary angiography.
Coronary angiography was performed in all patients using
standard techniques. Left ventriculography was performed
using a pigtail catheter with simultaneous biplane cine re-
cordings in the right and left anterior oblique projections.
Right heart catheterization was performed in all patients
with a flow-directed Swan-Ganz thermodilution catheter that
was inserted percutaneously into the right femoral vein and
advanced to the pulmonary artery.
Left ventricular pressures were obtained from a fluid-
filled catheter within the left ventricle. Pressures were mea-
sured using a P-50 micron pressure transducer attached di-
rectly to a manifold that was connected to the proximal hub
of the intracardiac catheter without intervening tubing. This
system has excellent frequency response whose character-
istics have been described previously from our laboratory
(28). Recordings were inscribed using a Honeywell-Elec-
tronics for Medicine recorder.
Gated blood pool scintigraphy. Acquisition. Acquisi-
tion of radionuclide studies was initiated approximately 30
minutes after the contrast ventriculogram. In all patients,
heart rate, left ventricular pressure and pulmonary capillary
wedge pressure had returned to their precontrast injection
levels. Each patient was injected with 0.75 GBq (20 mCi)
of technetium-99m-Iabeled autologous red blood cells. The
in vitro technique was used for labeling (29).
All radionuclide studies were acquired with the patients
in the supine position using a mobile Anger camera com-
puter system (Technicare 410 with on-board VIP computer
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system). Each gated cardiac blood pool study was obtained
using a 30° slant hole collimator to obtain cephalic angu-
lation in the modified left anterior oblique view. The degree
of obliquity was between 35 and 45° and was individualized
in each patient to best visualize the septum. When multiple
gated studies were obtained, neither the patient nor the cam-
era was moved between studies.
The gated cardiac blood scans were obtained using a 64
X 64 matrix for the full field of view (200 em). Thirty-two
frames per RR interval were acquired. Minimal acquisition
time was 3 minutes although most studies were acquired
for 5 minutes. The time of each gated study was recorded
and a blood sample was obtained at the midpoint of each
study.
Analysis. A left ventricular count rate (volume) versus
time curve was obtained using an operator-drawn fixed left
ventricular region of interest and computer-generated back-
ground regions of interest. Background was assumed to be
constant both spatially and temporally. The operator used
the end-diastolic image to identify the septal border of the
ventricle and the stroke volume image to identify the atrio-
ventricular (AV) and free wall borders of the heart. In pa-
tients with severe left ventricular dysfunction, the end-di-
astolic image was used to confirm the boundaries of the free
wall of the ventricle.
When multiple left ventricular volume versus time curves
were obtained in a patient, the relative change in end-di-
astolic volume between studies was determined by correct-
ing the end-diastolic counts in each curve for acquisition
time, physical decay and biologic clearance. Acquisition
time for each end-diastolic frame was calculated by mul-
tiplying the frame duration (RR interval/number of frames)
by the number of cardiac cycles collected. Loss of counts
due to physical decay was calculated by knowing the time
at which each study was acquired. Biologic clearance of the
tracer was calculatedby measuringthe changes in the counts
obtained in a well counter of 100 /l-liter sample of blood
obtained at the midpoint of each study.
Absolute ventricular volumes were determined from the
initial gated blood pool scan of each patient using a counts-
based technique with attenuation factor correction (30-32).
During the initial modified left anterior oblique scan, a 3
ml sample of blood was drawn in a syringe that had been
flushed with heparin. Each syringe was weighed while filled
with blood and then weighed again after it was emptied into
a petri dish to determine the quantity of blood within the
syringe. The petri dish was then counted on the gamma
camera to determine the counts per milliliter of blood for
that patient, camera and collimator combination. Attenua-
tion corrections were determined for each patient by ob-
taining modified left anterior oblique static image with a
cobalt-57 marker in the center of the cardiac blood pool and
a second anterior image exactly 40° from the modified left
anterior oblique scan with the cobalt-57 marker in the same
pOSItIOn. An attenuation coefficient was subsequently de-
termined from the calculated depth of the center of the left
ventricle assuming an attenuation coefficient of water (0.15
cmvg). Baseline absolute radionuclide volumes were then
determined by dividing the count rate from the left ventric-
ular region of interest by the count rate/ml of blood and
multiplying by the attenuation coefficient. All subsequent
absolute volumes were determined on the basis of count
rate changes relative to the baseline gated blood pool study.
A square wave that indicated the time at which the gamma
camera's computer system detected the patient's R wave on
the electrocardiogramwas output to the Electronics for Med-
icine recorder to synchronize the radionuclide volumes with
the left ventricular pressure tracings.
Generation of baseline radionuclide pressure-volume
diagrams. Baseline data for the construction of pressure-
volume diagrams were recorded during the initial gated blood
pool study in all patients 30 minutes after left ventriculog-
raphy. At midpoint during the modified left anterioroblique
scan, left ventricular pressures were recorded at rapid paper
speed. A total of six left ventricular pressure curves were
digitized and averaged by a Tektronix 4052 computer. The
average left ventricular pressure curve and gated blood pool
volume were synchronized to end-diastole and digitized,
and pressure-volume diagrams were subsequently plotted
from 32 pressure-VOlume coordinatesthroughoutthe cardiac
cycle.
Measurement of angiographic volumes. Left ventric-
ular end-diastolic and end-systolic volumesweredetermined
from each patient's contrast ventriculogram using the mod-
ification of Wynne et al. (17) of the Dodge and Sandler
formula for single plane angiography. In 10 patients, an-
giographic pressure-VOlume diagrams were obtained from
the left ventriculogram to compare with the baseline radio-
nuclide pressure-volume loop. Left ventricular pressure
tracings for six beats just preceding the ventriculogram were
digitized and averaged. Twenty-three measurements (every
40 ms) of ventricular volume throughout one cardiac cycle
were obtained by planimetry of the individual frames and
use of the Dodge and Sandler formula for single plane an-
giography as modified by Wynne et al. (17). The angio-
graphic volume curves and average left ventricular pressure
tracings were subsequently digitized and angiographic pres-
sure-volume diagrams were constructed from 32 pressure-
volume coordinates throughout the cardiac cycle.
Changes in left ventricular loading conditions. In five
patients, changes in left ventricular loading conditions were
effected by pharmacologic intervention. All five patients
were either given a beta-receptor blocking agent or pre-
treated with I mg of intravenous atropine to avoid changes
in heart rate with manipulation of preload or afterload, or
both. Before any change in loading conditions, a modified
left anterior oblique scan was obtained in each patient with
simultaneous recording of left ventricular and pulmonary
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capillary wedge pressures, and four thermodilution cardiac
outputdeterminations. Subsequently, three patientsreceived
intravenous nitroglycerin, the fourth received intravenous
nitroprusside and the remainingpatient received intravenous
phenylephrine. Nitroglycerin and nitroprusside were given
only if the patient's baseline systolic pressure was greater
than 130mm Hg, and phenylephrinewas administered only
if this pressure was less than I10 mm Hg. Nitroglycerin
administration was begun at 25 fLg/min, nitroprusside at 3
fLg/min and phenylephrine at 10 fLg/min. Increasing doses
of the medications were administered until an approximate
20 mm Hgdecrease in systolic blood pressure was achieved
with nitroglycerin or nitroprusside , or a similar increase in
pressure was achieved with phenylephrine. When a steady
state had been achieved, a repeat modified left anterior
oblique scan was obtained with repeat measurements of
pressures and four thermodilution cardiac output
determinations.
A further change in loading conditions was effected in
two patients receiving nitroglycerin and the one patient re-
ceiving phenylephrine; with further increases in these med-
ications, an additional 20 mm Hg decrease in systolic blood
pressure with nitroglycerin and a similar increase in blood
pressure with phenylephrine was achieved. When a steady
state had again been reached, a modified left anterior oblique
scan, bloodpressuresand four thermodilution cardiac output
measurements were again obtained.
Pressure-volume diagrams were constructed for each of
the three patients described who had radionuclide scans
obtained during baseline states and two states of altered left
ventricular loading conditions. The slope and intercept of
the end-systolicpressure-volume line were subsequentlyde-
terminedby applying linear regression to each patient's three
end-systolic pressure and volume coordinates. End-systole
was defined in all cases as the first point of minimal radio-
nuclide volume.
Changes in heart rate. In five additional patients, a
bipolar flared pacing catheter (Atri-pace I, Mansfield Sci-
entific. Inc.. Mansfield, Massachusetts) was placed percu-
taneously within the right femoral vein and advanced to the
right atrium. When a satisfactory pacing threshold had been
achieved, pacing was conducted at two increasing heart
rates. The rate of the maximal pacing level was determined
by the onset of angina, the appearance of atrioventricular
(AV) block or the achievement of 85% of maximal age-
predicted heart rate. During the prepacing period, at the
intermediate pacing level and the maximal pacing rate. a
modified left anterior oblique radionuclide scan was ob-
tained with simultaneous recording of left ventricular and
pulmonary capillary wedge pressures, and four thermodi-
lution cardiac output determinations. In addition, a 12 lead
electrocardiogram was obtained from each patient at each
pacing level. Pressure-volume diagrams were subsequently
constructed for each patient at each heart rate.
In one offive patients, end-systolic pressure-volume re-
lations were assessed both at a baseline heart rate of 60
beats/min and during atrial pacing at 120 beats/min. The
patient initially had a baseline modified left anterior oblique
scan with left ventricular pressure measurement, followed
by the administration of sodium nitroprusside to achieve an
approximate 20 mm Hg decrease in left ventricular systolic
pressure with repeat scanning and pressure determination
after a steady state had been achieved. Atrial pacing was
subsequently initiated at 120 beats/min while the patient
was still receiving nitroprusside. Measurement of a third
radionuclide scan and pressure determination were followed
by the discontinuation of the nitroprusside with repeat scan-
ning and pressure measurement after a final steady state had
been reached. Two pressure-volume diagrams were con-
structedat heart rates of 60 and 120 beats/min, and the slope
and volume intercept of the end-systolic line at each heart
rate was subsequently calculated.
Statistical analysis. Contrast ventriculograms wereana-
lyzed by two of us without knowledge of the radionuclide
studies. Interobserver variability was less than 2% with a
correlation coefficient between the two observers' mea-
surements of r = 0.985. Radionuclide ventriculograms were
analyzed by two different observers without knowledge of
the contrast study results. Interobserver variability was less
than 4% with a correlation coefficient between the two ob-
servers' measurements of r = 0.964. Correlations between
radionuclide volume estimates and angiographic and ther-
modilution values were calculated using the methodof least
squares.
Results
Baseline pressure-volume diagrams (Table 1, Fig. 1
to 3). Of the first20patients studied, 2 had normalcoronary
arteries and no other detectable heart disease, 15 had sig-
nificant coronary artery disease, 1 had significant aortic
stenosis with normalcoronary arteries, I had mitral stenosis
with normal coronary arteries and I had congestive cardio-
myopathy with normal coronary arteries. Angiographic and
radionuclide volumes were recorded in Table 1 along with
clinical data. The correlation between angiographic and
radionuclide absolute volumes was r = 0.92 (Fig. I).
Pressure-volume diagrams were constructed for all pa-
tients and showed characteristic isovolumetric contraction
and relaxation phases as well as rapid and slow left ven-
tricular ejection and filling periods. Figure 2 shows three
representative pressure-volume diagrams representing the
range of ventricular volumes recorded in this study.
In the 10 patients (Cases I to (0) in whom both radio-
nuclide and angiographic pressure-volume diagrams were
constructed, agreement between the two methods was ex-
cellent. In patient I, thecorrelation between32 angiographic
and radionuclide volume coordinates was r = 0.95 (Fig.
3); in the other nine patients the correlation ranged between
0.84 and 0.95.
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Table 1. Baseline Angiographic and Radionuclide Data in 20 Patients
Angiographic Data Radionuclide Data
Coronary Associated EDVI ESVI EF EDVI ESVI EF
Patient Anatomy Disease (ml/m') (ml/rrr') (%) (mt/m-) (ml/rn-) (%)
1* CAD Prior MI 117 27 77 119 27 77
2 CAD Prior MI 114 59 48 118 64 46
3 CAD None 54 19 65 60 20 67
4 CAD PriorMI 96 61 36 95 64 33
5 CAD None 109 36 67 105 45 57
6 CAD None 93 38 59 97 26 73
7 CAD None 77 22 71 62 11 82
8t CAD Prior MI 117 66 44 126 72 43
9 CAD None 92 22 76 80 25 69
10 CAD None 69 40 42 50 29 42
11 CAD None 73 15 79 68 12 82
12 CAD None 67 18 73 44 16 64
13 CAD None 65 13 80 42 9 79
14 CAD None 58 29 50 52 23 56
15 CAD None 65 15 77 66 12 82
16 Nml None 76 12 84 81 14 83
17t Nml None 59 27 54 77 35 55
18t Nml AVAO.5cm2 52 8 85 52 II 79
19 Nml MVA 0.7 crrr' 47 17 64 46 l7 63
20 Nml Congestive 107 31 71 129 43 67
cardiomyopathy
*Illustrated in Figure 3. tIllustrated in Figure 2. AVA = aortic valve area (aortic stenosis): CAD = coronary artery disease: EDVI = end-
diastolic volume index: EF = ejection fraction; ESVI = end-systolic volume index: M1 = myocardial infarction: MVA = mitral valve area (mitral
stenosis): Nml = normal.
Changes in loading conditions (Table 2, Fig. 4). In
response to intravenous nitroglycerin or intravenous nitro-
prusside, there was a decrease in mean arterial pressure, left
ventricular end-diastolic pressure, pulmonary capillary wedge
pressure, thermodilution stroke volume and cardiac output.
Figure 1. Correlation of angiographic and radionuclide absolute
volume measurements in 20 patients. Radionuclide end-diastolic
volumes determined by the counts-based method with attenuation
factor corrections are plotted against angiographic end-diastolic
volumes in the same patients. The correlation between the two
methods was good (r = 0.92; standard error of the estimate =
9.6).
ANGIOGRAPHIC VOLUME (ml/m2)
Radionuclide end-diastolic, end-systolic and stroke volumes
also decreased.
The patient who received intravenous phenylephrine ex-
hibited a progressive increase in mean arterial pressure, left
ventricular end-diastolic pressure and pulmonary capillary
wedge pressure, with a decrease in thermodilution stroke
volume and cardiac output. Radionuclide end-diastolic and
Figure 2. Representative radionuclide left ventricular (LV) pres-
sure-volume diagrams in three patients. Left, a patient (Case 18)
with critical aortic stenosis; center, a patient (Case 17)with normal
coronary arteries and normal left ventricular function; right, a
patient (Case 8) with three vessel coronary artery disease (CAD)
who had sustained a prior myocardial infarction (M.I.).
150
20 40 60 80 100 120
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Figure 3. Case I. Radionuclide and angiographic volume curves
(a) and pressure-volume diagrams (b) . Pressure-volume diagrams
were constructed using the volume curves in a. The correlation
coefficient for 32 radionuclide and angiographic volume coordi-
nate s was r == 0 .95 with standard erro r of the estimate == 11.5 .
end-systolic volumes increased while radionuclide stroke
volume decreased.
Pressure-volume diagrams and the slope and volume in-
tercept of the end-systolic pressure-volume line are shown
in Figure 4 for patients receiving nitroglycerin (Fig. 4a and
4b) and phenylephrine (Fig. 4c).
Response to pacing tachycardia (Table 3, Fig. 5) Two
patients (Cases 26 and 27) who were stressed by pacing
tachycardia(one with normal coronary arteries and a second
with three vessel coronary artery disease whose heart could
not be paced above 134 beats/min because of the onset of
AV block) exhibited a nonischemic response to pacing
tachycardia without chest pain, electrocardiographic changes
or increase in left ventricular end-diastolic pressure in the
immediate postpacing period. In both cases, there was a
progressive drop in end-diastolic pressure, radionuclideend-
diastolic and end-systolic volumes and radionuclide and
thermodilution stroke volume. Sequential pressure-volume
diagrams for the patient with normal coronary arteries are
presented in Figure Sa.
Two additional patients (Cases 28 and 29) who were
stressed with pacing tachycardia (both with significant
coronary artery disease) experienced an ischemic response
to pacing tachycardia with the onset of chest pain, ischemic
electrocardiographic changes with greater than I mm ST
segment depressionat the maximal pacing rate and a greater
than 5 mm Hg increase in left ventricularend-diastolic pres-
sure in the immediate postpacingperiod. In both cases, there
Table 2. Pharmacologic Interventions
Coronary HR LVP PCW
Thermodilution Data Radionuclide Data
Agent
Patient Administered Anatomy (beats/min) (rnrn Hg) (mm Hg) CO (liters/min) SV (m\) EDV(m\) ESV (mil SV (ml) EF (%)
21* Nitroglycerin CAD 60 140/20 16 6.7 112 129 24 105 81
63 122/10 10 5.4 86 108 21 87 81
65 10515 5 5.2 80 102 15 87 85
22* Nitroglycerin CAD 90 140/26 17 4.6 51 78 29 49 63
93 115/13 II 4.1 44 63 23 40 63
93 105111 10 3.4 37 54 18 36 67
23 Nitroglycerin CAD 66 132115 14 6.4 97 170 71 99 5&
66 102/10 7 5.1 77 153 72 81 53
24* Phenylephrine Nml 55 &8/9 a 4.3 78 99 15 84 85
50 110/16 16 3.9 78 11 8 22 96 81
50 132/20 19 3.6 72 107 31 76 71
25 Sodium Nml 60 185119 15 4.6 77 85 \4 7\ 84
nitroprusside 60 140/10 12 4.4 73 75 5 70 93
*l1lustrated in Figure 4. CAD = coronary artery disease: CO = cardiac output: EDV = end-diastolic volume; EF = ejection fraction; ESV = end-
systolic volume; HR = heart rate; LVP = left ventricular pressure; Nml = normal; PCW = mean pulmonary capillary wedge pressure; SV = stroke
volume.
volume.
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was an initial drop in left ventricular end-diastolic pressure
and radionuclide end-diastolic and end-systolic volumesduring
tachycardia, followed by a plateau in left ventricular end-
diastolic pressure and an increase in radionuclide end-dia-
stolic or end-systolic volume, or both, with further increase
in the pacing rate. Sequential pressure-volume diagrams for
one of these patients (Case 29) are presented in Figure 5b.
Figure 5c shows the pressure-volume diagrams ofPatient
30 in whom two pressure-volume loops were plotted at
heart rates of 60 and 120 beats/min. These diagrams dem-
onstrate a leftwarddisplacement with an increase in the slope
of the end-systolic pressure-volume line, consistent with
increased myocardial contractility.
Correlation between thermodilution and radionuclide
stroke volume estimates (Fig. 6). The correlation between
28 measurements of thermodilution and radionuclide stroke
volume in the five patients who were treated with phar-
macologic intervention and the five patients who underwent
pacing was r = 0.92.
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Discussion
Limitations of angiographic and echocardiographic
ventricular volume measurements. Although the impor-
tance of pressure-volume analysis in patients has long been
recognized, this technique has had limited clinical applic-
ability because of difficulties in measuring ventricular vol-
urnes. Previous attempts (13-21) to construct left ventricular
pressure-volume diagrams have relied on angiographic or
echocardiographic volume measurements. The major dif-
ficulties encountered with angiographic volumestudies have
included regional wall motion abnormalities that may in-
validate assumptions about left ventricular geometry, a sig-
nificant incidence of arrhythmias (for example, extrasys-
toles) during ventriculography, limitation of the number of
cardiac cycles that can be analyzed, radiation received by
the patient, inability to make serial assessments of left ven-
tricular volume with interventions in a single study without
risk to the patient and alteration of left ventricular function
by the ventriculogram itself and, finally, the time-consum-
ing analysis required (22,23). Similarly, echocardiographic
studies have been limited by regional wall motion abnor-
malities that make echographic assessment of volume in-
accurate, chest wall changes that impair echographic vis-
ualization of cardiac chambers and the time-consuming
analysis that is necessary to determine echographic volumes
(24).
Radionuclide ventriculography to assess pressure-vol-
ume relations. More recently, radionuclide ventriculog-
raphy has been used to measure left ventricular volume in
the assessment of end-systolic pressure-volumerelations and
the construction of pressure-volumediagrams (25-27). Sev-
eral studies have combined the use of radionuclide end-
systolic volume determinations with noninvasive pressure
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Figure4. Sequential pressure-volume diagrams with changing left
ventricular loading conditions in three patients. a, Case 21. Re-
sponse to intravenous nitroglycerin: end-systolic pressure-volume
slope = 3.7 mm Hg/ml, volume intercept = -13 m!. h, Case
22. Response to intravenous nitroglycerin: end-systolic pressure-
volume slope = 3.2 mm Hg/rnl, volume intercept = -14 m!.
c, Case 24. Response to intravenous phenylephrine: end-systolic
pressure-volume slope = 2.6 mm Hg/rnl , volume intercept =
-18 m!.
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Table 3. Response to Pacing Tachycardia
Coronary HR LVP Thermodilution Data Radionuclide Data
Patient Anatomy (beats/min) (mm Hg) CO (liters/min) SV (ml) EDV (ml) ESV (ml) SV (ml) EF (%)
Nonischemic Response
26* Nml 76 130/9 5.0 66 91 30 61 67
120 140/6 5.9 49 58 \9 39 67
150 140/4 6.0 40 53 13 40 75
PP 135/9
27 CAD 92 130/8 6.7 73 91 30 61 67
120 125/6 7.7 64 86 30 56 65
134 115/5 7.1 53 70 27 43 61
PP 130/10
Ischemic Response
28 CAD 79 124113 5.2 66 114 38 76 67
99 140/11 5.4 55 114 49 65 57
115 140/11 4.7 41 106 54 52 49
PP 130122
29* CAD 76 105/8 5.3 70 11 8 38 80 68
104 100/5 5.3 51 72 21 51 7\
130 11 0/5 6.3 48 98 46 52 53
PP 110117
30* CAD 60 138/19 6.7 11 2 178 43 135 76
60N 116!1l 5.4 90 165 40 125 76
120 N 106/11 ~ ~ 87 23 64 74, ,
120 162/15 6.6 55 90 27 63 70
*IIIustrated in Figure 5. tNo t measured because of technical difficulties. CAD = coronary artery disease; CO = cardiac output; EDV = end-diastolic
volume; EF = ejection fraction; ESV = end-systolic volume; HR = heart rate; LVP = left ventricular pressure; N = nitroprusside; Nml = normal;
PP = postpacing: SV = stroke volume.
measurements to determine the end-systolic pressure-vol-
ume relation in the setting of varying left ventricular loading
conditions or contractility changes, or both. Such studies
have defined the end-systolic relation as a potentially useful
clinical tool, but have been limited to describing only the
end-systolic portion of the curve without measuringchanges
in the remainder of the systolic portion and in the diastolic
limb of the pressure-volumediagram. In addition, such stud-
ies have been limited by the accuracy of noninvasively de-
termined end-systolic pressures. As an alternative to these
studies, Magorian et al. (27) recently reported the use of
radionuclide ventriculography and left ventricular pressure
recordings to plot pressure-volume relations throughout the
cardiac cycle. Using angiographic methods to determine
absolute volumes, they found that a radionuclide technique
could accurately and reproducibly record pressure-volume
diagrams. The present study confirms their findings and, in
addition, documents the validity of constructing pressure-
volume diagrams on the basis of absolute ventricular vol-
umes determined by radionuclide methodology.
Radionuclide ventriculography has been employed for
over 10 years as a method of measuring absolute ventricular
volumes (30- 36) . The majority of previous studies calcu-
lating absolute radionuclide volume have relied on geo-
metric models that were based on assumptions regarding
left ventricular size and shape where the left ventricle is
represented as a prolate ellipsoid. This type of geometric
analysis has been applied to the interpretation of both first
pass and gated equilibrium studies. Like angiographic and
echocardiographic volume analysis, this method is limited
by potential inadequacies of the geometric model during left
ventricular contraction. First, assumptions must be made
about the contribution of papillary muscles to volume es-
timates that are derived from the analysis of the left ven-
tricular silhouette. In addition, the presence of pathologi-
cally induced geometric changes, such as aneurysms and
regional wall abnormalities, makes the analysis of left ven-
tricular volume according to a prolate spheroid model even
more susceptible to error.
Gated radionuclide angiography to assess left ven-
tricular volumes. More recently, left ventricular volumes
have been analyzed from gated radionuclide angiography
using a method that is based on the number of counts within
the left ventricular region of interest (30.3 1). This method
has circumvented problems associated with geometric vol-
ume analysis, but additional provisions have had to be made
concerning the physical decay of the radioactive tracer over
time. the biologic clearance of the radioisotope and the
infl uence of attenuation factor corrections (31,32). Although
the corroboration of this new method requires further study,
initial reports suggested a good correlation between counts-
based estimates of volumes and angiographic or known
phantom models. In addition, the method has been shown
to be reproducible with interobserver variability in calcu-
lACC Vol. 3, No.2
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Figure 5. Sequential pressure-volume diagrams with pacing
tachycardia in three patients. a. Case 28. Nonischemic response
to pacing tachycardia. b. Case 29. Ischemic response to pacing
tachycardia. c. Case 30. Inotropic increase secondary to increased
heart rate; A = baseline pressure-volume diagram at a heart rate
of 60 beats/min (bpm). B = pressure-volume diagram at a heart
rate of 60 beats/min with sodium nitroprusside. C = pressure-
volume diagram at a heart rate of 120 beats/min with sodium
nitroprusside. D = pressure-volume diagram at a heart rate of 120
beats/min after sodium nitroprusside had been discontinued. The
end-systolic pressure-volume slope and volume intercept at a heart
rate of 60 beats/min was 8 mm Hg/ml and 28 ml, respectively;
thc end..systolic pressure..volume slope and intercept at a heart of
120 beats/min was 12.7 mm Hg/ml and 17 rnl, respectively.
lating radionuclide volumes ranging from I to 5% and in..
traobserver variability ranging from I to 12% (30,31).
Simultaneous use of left ventricular pressure recordings
and a counts ..based method of volume measurement to gen-
erate pressure-volume diagrams. This method has signif-
icant advantages over previous methods based on angio-
graphic or echocardiographic volume estimates. Apart from
avoiding potentially fallacious assumptions about left ven-
tricular geometry, the method has two advantages: ventric-
ular volumes can be assessed over a relatively large number
of cardiac cycles and can be repeated as many times as
needed to assess the effect of a given intervention on cardiac
performance. Moreover, this method can be done in a rel-
atively short period of time without deleterious side effects
on any patient undergoing cardiac catheterization.
Assessment of loading conditions and determination
of the end-systolic pressure-volume relation. The use-
fulness of the left ventricular pressure-volume diagram in
sorting out changes in preload and afterload and defining
contractility by an end-systolic pressure-volume line has
been well documented. Using a counts..based method of
volume analysis, this technique can now be applied to any
patient to assess cardiac performance at the time of cardiac
catheterization.
Role of preload. The influence of preload on ventricular
performance was studied by Starling (37), who described a
positive relation between ventricular end-diastolic volume
and stroke work. Starling's law of the heart is simply an
expression of the length-active tension curve of muscle tis-
sue described by Gordon et al. (38) in which a greater
overlap of muscle myofilament within the sarcomere allows
for greater isometric tension development. Alterations in
preload operating through changes in end-diastolic sarco-
mere length would therefore be expected to be all important
factor in determining stroke volume. In our patients, de-
creases in ventricular preload were effected by intravenous
nitroglycerin administration, presumably resulting in in-
creased venous pooling with a relative decrease in venous
return. Corresponding to the decrease in preload. pulmonary
capillary wedge and left ventricular end-diastolic pressures
decreased, as did radionuclide end-diastolic, end-systolic
and stroke volumes and thermodilution cardiac output and
stroke volume. As expected, each patient's pressure-volume
diagrams exhibited a leftward and downward shift (Fig. 4a
and 4b).
Role of afterload. When applied to the intact ventricle,
afterload may be defined as the force resisting myocardial
shortening during systole. Numerous investigators (39,40)
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Figure 6. Correlation of changes in thermodilution and radio-
nuclide stroke volumes. Twenty-eight determinations of volume
in 10patients subjectedto changes in loadingconditions or pacing
tachycardia, or both, are plottedagainst thermodilution strokevol-
ume in the same patients (r = 0.92 and standard error of the mean
= 10.2).
have reported that as afterload increases, the extent of myo-
cardial fiber shortening decreases. Thus, in the intact cir-
culation, increases or decreases in the resistance to left ven-
tricular ejection would be expected to reciprocally alter stroke
volume. In the patient illustrated in Figure 4c, increases in
ventricular afterload were effected by increasing concentra-
tions of the alpha agonist, phenylephrine. Corresponding to
this increase in afterload, the patient manifested an increase
in pulmonary capillary wedge and left ventricular end-di-
astolic pressures and radionuclide end-diastolic and end-
systolic volumes, and a decrease in thermodilution and
radionuclide stroke volumes and cardiac output. These changes
were associated with a rightward and upward shift in the
patient's pressure-volume diagram (Fig. 4c).
In the cases illustrated in Figure 4, the end-systolic pres-
sure-volume coordinates were linear and the slope and vol-
ume intercept of the end-systolic pressure-volume line could
be determined. As previously noted, this method has the
advantage over noninvasive studies describing radionuclide
end-systolic relations because the entire pressure-volume
diagram can be analyzed. In addition, considerable contro-
versy has existed over the use of peak systolic versus end-
systolic pressure coordinates in determining the end-systolic
relation. This method should be a way of assessing the
correlation between peak and end-systolic measurements
and thus of assessing the accuracy of numerous reported
noninvasive studies.
Response to pacing tachycardia. Many investigators
(41-46) have reported decreases in both left ventricular
pressures and volumes in patients with normal coronary
arteries and patients with nonischemic coronary disease in
response to pacing tachycardia. In addition, several inves-
tigators (47-49) have documented mild increased inotropy
in patients with increased heart rate secondary to a Treppe
effect, with slight increases in ejection phase indexes at
higher rates.
In two patients presented previously (one with normal
coronary arteries and one with coronary artery disease who
underwent pacing without chest pain, electrocardiographic
changes or an increase in left ventricular end-diastolic pres-
sure in the immediate postpacing period), incremental pac-
ing led to a progressive decrease in both left ventricular
end-diastolic pressure and end-diastolic and end-systolic
volumes; changes in radionuclide and thermodilution stroke
volumes were very closely matched. Examination of se-
quential pressure-volume diagrams for each of these patients
revealed a progressive leftward shift of the loop (Fig. SA).
Although the slope and intercept of the end-systolic pressure-
volume relation were not defined in these patients, the pro-
gressive leftward shift of pressure-volume curve in each
patient suggests that an increased contractile state was
achieved. This is supported by Figure Sc in which exami-
nation of the end-systolic lines in a patient at heart rates of
60 and 120 beats/min revealed a leftward shift of the end-
systolic line with an increased slope. The use of radionuclide
pressure-volume measurements thus allowed a demonstra-
tion of the Treppe effect.
In the presence of pacing-induced ischemia, many in-
vestigators (41-46) documented not only lack of a normal
decrease in left ventricular end-diastolic pressure in the set-
ting of pacing tachycardia, but also marked increases in
end-diastolic pressure relative to ventricular volume in the
presence of angina. The pressure-volume changes docu-
mented in this setting have been ascribed to both a systolic
failure effect (41) and decreased diastolic distensibility
(44,46).
In two patients with coronary artery disease presented
previously, incremental atrial pacing led to an ischemic
response with the onset of angina, ST segment depression
and significant increase in left ventricular end-diastolic pres-
sure in the immediate postpacing period. Unlike the non-
ischemic response, these patients exhibited an initial de-
crease in end-diastolic pressure and radionuclide end-diastolic
and end-systolic volumes, followed by a plateau in end-
diastolic pressure and an increase in end-diastolic or end-
systolic.volume, or both, with further increases in heart rate
(Fig. Sb). The sequential pressure-volume diagrams for these
patients are notable not only for the lack of an appropriate
Treppe effect, but also for depressed contractility (higher
end-systolic volume at the same end-systolic pressure) dur-
ing ischemia.
Absolute versus relative ventricular volumes. Although
this study has suggested that radionuclide ventriculography
can be used to obtain absolute ventricular volumes. the
method can also be used to construct pressure-volume dia-
JACC Vol. 3. No.2
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grams apart from absolute radionuclide volume determi-
nations. Figure 3 suggests that radionucl ide volume curves
accurately describe relative volume changes throughout the
cardiac cycle and Figure 6 suggests that the method accu-
rately measures relative volume changes in response to changes
in left ventricular loading conditions and contractile state.
Given the ability of the method to document relative volume
changes, it is clear that the method can be used in con-
junction with other methods of measuring absolute volume
(for example, angiography) to calibrate baseline radio-
nuclide studies; then additional absolute volume determi-
nations in response to changes in heart rate, loading con-
ditions or contractility can be determined on the basis of
the radionuclideassessmentof relative volume changes. Of
note, Magorian et al. (27) calibrated radionuclide volume
measurements with standard angiographic measurements to
record baseline pressure-volume diagrams and then used
relative radionuclide volume changes to plot pressure-vol-
ume responses to pacing and the administration of
nitroglycerin.
Conclusions. Simultaneous assessment of radionuclide
left ventricular volume and left ventricular pressure can be
used to construct pressure-volume diagrams in patients at
the time of cardiac catheterization. Absolutevalues for ven-
tricular volumes can be assigned to the pressure-volume
diagrams using either angiographic volumes or a counts-
based method of determining absolute radionuclide volumes
independent of contrast ventriculography. Multiple pres-
sure-volume loops can be obtained during changing left
ventricular loading conditions and, therefore. the end-sys-
tolic pressure-volume relation can be determined. More-
over, because this method records complete pressure-vol-
ume diagrams, changes in systolic and diastolic function
can be assessed simultaneously in response to altered load-
ing conditions and contractility changes. Because of the
advantages that radionucl ide volume assessment has com-
pared with angiographic or echocardiographic volume mea-
surements, this method promises to be very helpful in the
analysis of pressure-volume diagrams and end-systolic pres-
sure-volume relations in patients with normal left ventricular
function and in a wide range of abnormal states.
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